The temperature and pH optima, and the temperature and pH stability, of crude and purified enzymes of the cellulase complex of the cellulolytic ascomycete fungus Neurospora crussu were investigated. The effects of some non-ionic surfactants and fatty acids on the production/release of enzymes of the cellulase complex were also examined. For the different enzymes of the complex, activity maxima occurred between pH 4.0 and 7.0, with pH 5.0 being close to optimal for stability of all. Temperature optima for activity ranged between 45 and 65 "C, with the stability optimum between 45 and 50 OC. The presence of CI8 fatty acids and surfactants resulted in increased production of both endoglucanase and exoglucanase in the medium. Oleic acid was the most effective fatty acid tested, and Tween 80 the most effective surfactant. Oleic acid had no detectable effect on production of pglucosidase, and Tween 80 actually reduced its production.
Introduction
The cellulase complex of cellulolytic fungi consists of at least three extracellular enzymes : endoglucanase (EC 3.2.1 .4, endo-l,4-P-glucanase), exoglucanase (EC 3.2.1 .91, 1,4-~-cellobiohydrolase) and P-glucosidase (EC 3.2.1 .21). The majority of cellulase enzymes described so far have been from mesophilic bacteria and fungi. The most intensively studied cellulolytic fungus is Trichoderma reesei (Bisaria & Ghose, 1981) . The major problems in utilizing enzymes from mesophiles for production of fermentable substrates from cellulose are the low rate of hydrolysis achieved at the optimum growth temperature (Tansey, 197 I) , and the relatively poor thermal stability of the enzymes (Linko, 1977) . One potential solution is the use of enzymes from thermophilic fungi. Recently an exoglucanase gene has been cloned and sequenced from the thermophilic fungus Humicola grisea var. thermoidea; it shows a close similarity to the equivalent enzyme from the mesophile T. reesei (Azevedo & Radford, 1990) . However, the higher optimum growth temperature of thermophiles is not necessarily reflected in the stability of their enzymes (Mandels, 1975) .
In other species, it has been reported that surfactants and fatty acids stimulate production of the cellulase complex (Reese & Maguire, 1969; Reese et al., 1969; Shewale & Sadana, 1978; Deshpande et al., 1987) . The effect of fatty acids is thought to be mainly due to their incorporation into the cell membrane phospholipids, with consequent effects on cell permeability (Demain & Birnbaum, 1968) . The effect of surfactants has been attributed to at least three causes: (a) action on the cell membrane causing increased permeability (Reese et al., 1969) ; (b) promotion of the release of bound enzyme (Reese & Maguire, 1969) ; (c) decrease in growth rate due to reduced oxygen supply (Hulme & Stranks, 1970) .
We have shown that Neurospora crassa is a true cellulolytic fungus capable of synthesizing and secreting high levels of the cellulase complex, and we have described optimization of induction and characterization of the enzymes (Yazdi et al., 1990a, b) . N . crassa has the advantages of being the filamentous fungus most thoroughly characterized genetically (Perkins et al., 1982) , and of having an efficient and well-characterized transformation system (Fincham, 1989) . This paper extends our studies to the determination of pH and temperature optima for the cellulase enzymes of N. crassa, the stability of those enzymes, and the effects of surfactants and fatty acids on their production. Iran.
Methods
FPA, filter paper activity (= exoglucanase).
0001-5983 0 1990 SGM Culture conditions. Cellulase was produced by growing N. crassa strain cell-Z (FGSC no. 4335) in a medium containing 2% (w/v) microcrystalline cellulose (Sigma type 20), 2% (v/v) Vogel's medium N salts solution (Vogel, 1964) and 0.75% yeast extract, at pH 7.0 and M . T. Yazdi, J . R . Woodward and A . Radford 25 "C in a 5 1 stirred, air-lift fermenter. After 8 d of growth, the supernate was separated by filtration (10 pm pore size). Immediately after separation, 0.5 ml 1-l of 50 mwphenylrnethylsulphonyl fluoride (PMSF) in propan-2-01 and 0.1 ml l-I of 20 mM-N-tosyl-L-phenylaanine-chloromethyl ketone (TPCK) in propan-2-01 were added to inhibit protease activity. The enzymes were purified from the supernatant as described previously (Yazdi et al., 1990 b) .
Fatty The fatty acids were capric acid (decanoic acid), myristic acid (tetradecanoic acid), linoleic acid (cis-9,cis-l2-octadecadienoic acid), oleic acid (cis-Poctadecanoic acid), stearic acid (octadecanoic acid), and arachidonic acid (5,8,11,14-eicosatetraenoic acid), also from Sigma.
Enzyme assays. Activities of the three component types of the cellulase complex, endoglucanase (carboxymethylcellulase, CMCase), exoglucanase (filter paper activity, FPA) and fl-glucosidase were assayed as described by Yazdi et al., (19904. All assays were performed in duplicate. Enzyme activities are expressed in units, defined as pmol product liberated by the enzyme in 1 ml of medium in either 15 min (for endoglucanase and fi-glucosidase) or 60 min (for exoglucanase). Mycelial biomass was measured by the method of Margaritis & Merchant (1986) , and soluble protein by that of Bradford (1976) .
For determination of temperature optima for activity, incubations were carried out at temperatures over the range 3&70"C. For determination of pH optima, the enzymes were dissolved in distilled water, and mixed with equal volumes of 200 mM-phosphate/citrate buffer over the range pH 3-0-9-0 prior to assay.
For enzyme thermal stability determination, enzyme preparations in 100 mM-phosphate/citrate buffer at pH 5.0 were incubated over the range 3 M O "C, samples being taken periodically for assay. For pH stability determination, enzyme solutions in 100 mM-phosphate/citrate buffer at pH values between 3-0 and 8.0 were incubated over the range 30-60 "C. In all stability determinations, the maximum incubation time was 48 h. SDS-PAGE. Exported proteins were precipitated in acetone, centrifuged, and redissolved in 100 mwcitrate buffer at pH 5.0 to a concentration of 5-20 mg ml-l. Gel electrophoresis was in 10% (w/v) polyacrylamide slab gels according to the method of Hames (1986) . SDS and mercaptoethanol were used for denaturation.
Results

Optimum temperatures for crude and purified enzywles
Under the assay conditions used, the activity of pglucosidase was optimal, in both crude and purified preparations, at 65 "C. Endoglucanase activity in crude preparations showed high activity over a wide range of temperature between 45 and 55 "C, with the optimum at 55 "C. Exoglucanase in crude preparations gave high activity between 45 and 55 "C, with the optimum above 50 "C. Resuts are shown in Fig. 1 (a) .
The endo-and exoglucanase activities were both purified into their different isoenzymes, and each isoenzyme was found to have a distinct temperature profile. Among the endoglucanases, the activity profiles of which are given in Fig. 1 (b) , the optima were : endo-I, 55 "C; endo-11, 55 "C; endo-111, 50 " C ; and endo-IV, 45 "C. The sum of these profiles is consistent with the very wide activity range of the crude extract. Activity ranges of the exoglucanases are shown in Fig. 1 (c) ; the optima were: exo-I, 50 "C; exo-11, 50 "C; and exo-111, 55°C. The temperature optimum for the purified pglucosidase was initially 65 "C as in the crude preparation, but decreased to 60 "C after 30 min.
These temperature optima for the N . crassa cellulase complex enzymes are compared with those of other cellulolytic organisms, both mesophiles and thermophiles, in Table 1 . N . crassa P-glucosidase was comparable with the best of both mesophiles and thermophiles. N . crassa exoglucanases were comparable with those of other mesophiles. However, the N . crassa endoglucanases had comparatively low optima compared with those of the other species shown. 
Thermal stability of the cellulolytic enzymes
The total N. crassa endoglucanase activity in crude preparations was fairly stable over 48 h at temperatures up to 50°C. At the temperature optimal for activity, approximately 20% of activity was lost over the first 12 h, following which the level stabilized. The exoglucanase activity was fairly stable over 48 h at temperatures up to 45 "C, but declined significantly at higher temperatures, especially over the first 6 h, dropping to approximately 70% at 50 "C, 60% at 55 "C and 40% at 60 "C, after which it remained fairly stable in each case. With the multiplicity of isoenzymes for both endo-and exoglucanases, at least four of the former and three of the latter, the results are readily explicable. In each class, the multiphasic stability curve reflects the sum of activities of isoenzymes of different stabilities. /?-Glucosidase activity was fairly stable over 48 h at temperatures up to 50"C, but was sensitive to higher temperatures, losing 80% of activity progressively over 36 h at 55 "C and all activity after 24 h at 60 "C. Although N . crassa has low temperature requirements for its production of the cellulase complex, in the range 23-25 "C (Yazdi et al., 1990a) , thermal stability of these enzymes is certainly comparable to other mesophilic fungi (Coughlan, 1985; Durand et al., 1984; Margaritis & Merchant, 1983) . The half-life for its endo-and exoglucanases and P-glucosidase at 50 "C was in excess of 48 h.
pH optima of crude and purified enzymes
The optimal pH values for N. crassa cellulases were in the range 4-5-55, with pH 4.5 optimal for crude endoglucanase, pH 5.0 for exoglucanase and pH 5.5 for /?-glucosidase (Fig. 2a) . For purified endoglucanases, optima were: endo-I, pH 4-0; endo-11, pH 4.0; endo-111, pH 4.5; and endo-IV, pH 6.0 (Fig. 2b) . For the exoglucanases, pH optima for the purified enzymes were: exo-I, pH 7.0; exo-11, pH 6.0; and exo-111, pH 4.0 (Fig. 2c) .
Combined pH and temperature eflects on enzyme stability
The stability of the N . crassa /?-glucosidase and exoglucanase activities at temperatures up to 37 "C was virtually independent of pH : the enzymes retained more than 90% of activity at any pH in the range 3.5-9.0. Endoglucanase stability was pH-dependent even at low temperature, with optimum stability in the range At temperatures at or above 45 "C, the stability of all enzymes in the cellulase complex was pH-dependent. For endoglucanase activity at 50 "C, stability was optimal at pH 5.0, but over the range pH 4.0-7-0, about 70% of the activity was retained after 36 h, falling to 40% at pH 8.0. For exoglucanase activity at 55 "C, 60% of activity remained at pH 4.0-5.0 after 36 h, but this fell with increasing pH to only 25% at pH 8.0. For P-glucosidase at 50 "C, 36 h activities were 90% at pH 5.0, 75% at pH 4.0 and 55% at pH 6.0. At pH 7.0, all P-glucosidase activity was lost after 24 h. 
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Eflect of surfactants and fatty acids
Of all the surfactants and fatty acids tested, only Triton X-100 and 'poly lo', both at 0.1 % had any inhibitory effect on growth of the mycelium. For all other compounds, growth was quantitatively and qualitatively normar.
The effect of addition of surfactants on the production of the cellulase complex enzymes by N . crassa is shown in Table 2 . Addition of Tween 80 gave the greatest improvement in production of extracellular exoglucanase. Similar levels of both Tween 80 and Brij 35 gave similar increases in endoglucanase production. All the surfactants tested sharply decreased P-glucosidase production.
To confirm that the influence of the surfactants on activity of the components of the cellulase complex was due to a direct effect on levels of synthesis of the enzymes, the supernate proteins were analysed by SDS-PAGE; a densitometer tracing is shown for both control and Tween-80-treated cultures in Fig. 3 . With Tween 80, a 76 kDa peak (/I-glucosidase) was reduced to a shoulder as the activity of P-glucosidase was reduced by 41 %, and an increase in the 69 kDa peak (exo-I) correlated with a 47% increase in exoglucanase. Tween 80 also induced a band change not directly correlated with the size of any known member of the cellulase complex, an extra protein peak at 27 kDa. The effect of Tween 80 concentration was also investigated. A concentration of 2% (v/v) was optimal for exoglucanase production, and 0.3-0.5 % for endoglucanase production. Addition of a variety of fatty acids at a concentration of 0.2% was investigated with respect to possible effects on production of the cellulase complex. The fatty acids and their carbon backbone lengths were capric acid (C,,), myristic acid (C14), linoleic, oleic and stearic acids (all CI8), and arachidonic acid (C,,). The results are given in Table 3 . In general only the CI8 fatty acids gave any increase in production of endo-and exoglucanase activities, the best being a 50% increase in exoglucanase with oleic acid and a 40% increase in endoglucanase with stearic acid. All of the fatty acids, with the exception of linoleic acid which produced a 75% increase, and oleic acid which had no significant effect, produced a decrease in P-glucosidase activity. The effect of oleic acid concentration was investigated : concentrations of about 0.2% were optimal for production of the complex. The effects of these fatty acids on protein concentrations in the supernate were investigated by SDS-PAGE, and a densitometer tracing of the results for oleic acid is shown in Fig. 3 . As with the surfactant Tween 80, there were marked changes in level of a limited number of specific protein bands. With oleic acid there were changes in the sizes of peaks correlated with known enzymes of the cellulase complex, an increase in the 72 kDa peak (the known size of exo-I1 and exo-111) with oleic acid correlating with a 54% increase in exoglucanase activity, and an increase in the 47 kDa peak (endo-I) correlating with a 28 % increase in endoglucanase activity. There was no change in either p-glucosidase or the corresponding 76 kDa peak. There were also alterations in peaks not known to be directly correlated with members of the cellulase complex, the main ones being an increase in the peaks at about 110, 42 and 24 kDa, and a reduced peak at 28 kDa.
Addition of any of the fatty acids or detergents, at concentrations used in any of the experiments described, directly to the enzyme preparations had no effect on their activity.
Discussion
The study of pH and temperature characteristics of the N . crassa cellulase complex has confirmed the isoenzymes postulated earlier (Yazdi et al., 1990b) , as the four endoglucanases and three exoglucanases defined initially on the basis of molecular mass and extent of glycosylation have now been shown to be distinct also in pH and temperature activity optima and stabilities. The present data on fl-glucosidase are consistent with the single enzyme species postulated earlier.
The three activity classes of the N. crassa cellulase complex show a wide pH range and a fairly high optimum temperature for activity, and good thermostability .
It is clear from the results presented that, under certain conditions, some fatty acids and surfactants elicit an increase in the amounts of certain of the enzymes of the cellulase complex in the medium. The effect of a surfactant such as Tween 80, and of those positively acting fatty acids, may be due to an increase in the permeability of the cell membrane, thus permitting more of the enzymes to be secreted, as postulated for other species by Reese & Maguire (1969) and Demain & Birnbaum (1968) . However, this would not explain the dramatic effect of the addition of linoleic acid on pglucosidase activity.
The positive effect on cellulase production by oleic acid and Tween 80 was only found on endo-and exoglucanases, and Tween 80 actually decreased the pglucosidase level. This may imply some difference in the means by which the two glucanases and P-glucosidase are released. In most organisms studied, P-glucosidase is an intracellular enzyme, released only by autolysis of the producing cells (Gong & Tsao, 1979) . Substrates such as cellobiose are soluble and potentially transportable, and so do not require enzymes for their utilization to be extracellular.
Rather than oleic acid and Tween 80 having a depressive effect on autolysis, the increase in exo-and endoglucanase but not P-glucosidase could be explained by changes in membrane fluidity, as the number of double bonds present in a fatty acid determines its melting point, and hence has an effect on membrane fluidity.
In general, changing the fluidity of the membrane is seen to substantially affect the passage of ions and small molecules through their appropriate transport systems. There has been little work on the effect of these changes in membrane content on protein translocation across the membrane. However, the presence of detergents and changes in fatty acid composition clearly perturb the membrane composition and fluidity, and physical as well as biochemical parameters of membrane function. The selective increase in secretion of some of the cellulase complex enzymes might well be explained by subtle changes in those parts of the membrane which are normally fluid. The selective nature of this secretion suggests that protein secretion is intimately linked to membrane lipid composition. The observation that certain non-cellulase protein peaks also change under the influence of surfactants and fatty acids, while certain members of the cellulase complex do not, is evidence that their effect is not specifically on the cellulase complex, but on protein secretion in general.
The effect of changes in membrane lipid components on the activity of membrane-bound proteins is well known (Hunter & Rose, 1972; Rattray et al., 1975) . Many authors have noted changes in the transport of amino acids and sugars associated with changes in cell membrane composition. The most dramatic of these effects is the death of Saccharomyces cerevisiae mutants incapable of synthesizing inositol, and-hence phosphatidylinositol, under which conditions the cell membrane becomes permeable to cell constituents (Ulaszewski et al., 1978) . Fatty acid starvation of yeasts also causes cell death (Henry, 1973) . Similar effects have been reported in N . crassa (Statkin & Tatum, 1961 ; Sullivan & DeBusk, 1973) . Less dramatic effects on the alteration of membrane lipid composition were reported in Fusarium by Miller & Bairan (1984) . These authors also noted increases in permeability to water and amino acids on addition of low concentrations of cationic detergents.
It is possible that the secretion mechanism differs between the various enzymes of the cellulase complex. For example, oleic acid has the greatest effect on exoglucanase activity in the medium, stearic acid on endoglucanase, and linoleic acid on P-glucosidase. This means that a membrane rich in stearic acid, having more rigidity and less fluidity, might favour endoglucanase secretion. Conversely, the most fluid membrane, with an enhanced linoleic acid content, might favour /3-glucosidase secretion. The effect of Tween 80 would be similar to that of the fatty acids, effecting changes in the cell membrane. It seems unlikely that the effects noted here are due to changes in the growth patterns of the fungus, especially as there was no change in the overall growth rate of the mycelium on addition of any of these compounds.
The negative effect of higher concentrations of Tween 80 and oleic acid becomes detectable at levels where the surfactant or fatty acid could well provide the major carbon source for the organism, thus providing a possible indirect mode of action via carbon catabolite repression.
